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Abstract 
Porous aluminum alloy was fabricated by joining pure aluminum pipes and base metal melt of Al-13mass%Si through continuous 
casting without breakout at transfer velocity of 155 mm/min. The position, volume fraction and diameter of pores were controlled 
by the initial setting position and geometry of pipes. The yield strength of fabricated porous aluminum alloy agreed well with the 
value calculated by the rule of mixture of pure Al and Al-Si alloy. The increment of the compressive stress of the fabricated 
porous aluminum alloy was small at high stress region by buckling of cell walls. This lowered stress resulted in the high 
efficiency of energy absorption. The pipes did not detach from the base metal even at high strain. 
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1. Introduction 
Porous aluminum alloys with directional pores are expected to be applied as light-weight structural materials for 
automobiles, aircrafts and so on. While the specific strength of usual metallic foams with spherical pores decreases 
with increasing porosity, the specific strength of porous metals with unidirectional pores is maintained because of 
lack of stress concentration under stress parallel to the pore direction even at high porosity (Hyun et al. (2001)). 
Porous aluminum alloys with directional pores can be fabricated by unidirectional solidification using hydrogen 
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solubility gap between solid and liquid. This is well known as the fabrication method of lotus metals (Nakajima 
(2007)) and GASAR metals (Shapovalov (1998)).  
Since mass production is necessary for structural materials in practical use, new simple fabrication methods for 
porous aluminum alloys with directional pores are strongly desired. Furthermore, accurate control of position, 
volume fraction and geometry of pores is required for high reliability of materials.  
Therefore, the research group of this study is developing novel simple fabrication methods by joining pipes and 
base metals. Dipping pipes into the base metal melt (Ichikawa et al. (2012)) or semi-solid slurry (Hayashida et al. 
(2013)) and continuous casting (Fig. 1) (Ichikawa were developed. The combination of pure aluminum pipes and 
aluminum alloys was used in the reported experiments.  
The fabrication is based on the following principal. The temperature of the base metal melt is set lower than the 
melting temperature of pure aluminum. The pipes join with the base metal melt by melting the pipe surface and 
solidify together. The decrease in melting temperature of the pipe surface is caused by diffusion of alloying elements 
into pipes (Ichikawa et al. (2012)). 
This study was conducted to clarify the effectiveness of the continuous casting method for exact control of 
position, volume fraction and geometry of pores and mass production. Furthermore, the mechanical properties such 
as yield strength, energy absorption and deformation behavior were investigated by compression tests. 
2. Experimental procedure 
Pure aluminum (A1050, Table 1) was selected as the pipe material. Al-13mass% Si was selected as the base metal 
because of its eutectic composition with a low melting temperature.  
The pure aluminum pipes with internal diameter of 3 mm and wall thickness of 0.5 mm were used. Ingots of 
99.99mass%Al and Al-25mass%Si were melted together in a crucible and cast to prepare the base metal ingots of 
Al-13mass%Si. The content of Si in the fabricated base metal ingots was analyzed with gravimetric analysis by 
Sumitomo Metal Technology, Inc. 
Fig. 1 shows a schematic illustration of the continuous casting apparatus, which was mounted in a vacuum 
chamber. A graphite mold with inner diameter of 25 mm was attached under the graphite crucible in an electric 
furnace. The hole on the crucible was capped by a graphite dummy bar. The base metal ingots of 150 g were set in 
the crucible, and 19 pipes were aligned with a distance between the outer surfaces of two pipes of 0.8 mm and fixed 
on the top of the dummy bar. The number of pipes was determined so that the porosity was higher than 30% for the 
compression tests. 
The chamber was filled with Ar under pressure of 0.11 MPa after evacuation for prevention of oxidation of the 
graphite crucible and the base metal melt. The electric furnace was heated to 953 K and the base metal was melted. 
The pipes and the base metal melt kept at 913 ± 5 K were pulled down by the dummy bar through the cooled mold at 
transfer velocity of 155 mm/min. An aluminum alloy billet solidified with pipes was obtained after cooling. 
The fabricated billet was machined and cut perpendicular to the longitudinal direction to prepare compression test 
specimens (diameter of 24 mm, length of 24 mm). The pore diameter of these specimens was measured by image 
analyzer WinROOF (Mitani Corporation, Tokyo, Japan). Porosity p (%) of these specimens was calculated as 
follows. 
 
p = (1-ρP/ ρΝP) x 100  (1) 
 
Here ρP and ρNP represent the apparent density of the porous and non-porous Al-Si base metal material, 
respectively. The density ρNP was measured by the mass and the volume of the samples. The microstructures of the 
specimens were observed using an optical microscope. 
TABLE 1. Composition of A1050 pipe. 
 Si Fe V Ti Al 
A1050 0.10 0.33 0.01 0.01 Bal. 
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Fig. 1. Continuous casting apparatus for fabrication of porous aluminum 
alloy with unidirectional pores by joining pipes with base metal melt. 
Fig. 2. Fabricated porous aluminum alloy with aligned unidirectional 
pores by joining pipes and melt through continuous casting. 
Compression tests were carried out in accordance with JIS H 7902 (Japanese Standards Association (2008)) using 
a universal testing machine (AG-IS 100kN, and AG-I250kN Shimadzu). The compression direction was parallel to 
the longitudinal direction of the pores. Compressive velocity was set constant at 2.4 mm/min. 
The top and bottom surfaces of the samples were coated with molybdenum disulfide, and sheets of Teflon 
(thickness of 0.03 mm) were laid between the sample and platens to improve the lubrication between them. A dial 
gauge was used to measure displacement of the crosshead of the universal testing machine. From the results of the 
compression tests, stress-strain curves were obtained. The 0.2% proof stress was measured as the yield stress σy. 
Compression tests were performed up to various compressive strain e of 8, 29, 53 and 80 %. The average value 
of σy and standard deviation Δσy were calculated from the five compression tests. The cross section of each 
compressed specimen was photographed by digital camera (Nikon, D3100) to investigate the deformation behavior. 
The energy absorption W was obtained by integration of the compressive stress-strain curve until the strain e of 
50 %. The efficiency of energy absorption We (%) was obtained by Eq. 2 with the strain  e50 and the stress σ50 at 
e=50%. 
 
     (2) 
 
A non-porous Al-Si billet (diameter of 25 mm, length of 180 mm) was fabricated by continuous casting without 
pipes. An extruded billet of A1050 was annealed for 60 min at 618 K, which should have similar compressive 
properties to that of the inserted A1050 pipes heated before the continuous casting. Compression tests of these non-
porous materials were conducted under the same conditions as the porous aluminum alloy specimens, also. 
3. Results and discussion 
The length of the fabricated billet was 220 mm (Fig. 2(a)). The diameter of the billet was 25 mm, which is almost 
equal to the mold diameter. The fabricated billet had aligned through pores with the almost same diameter (2.79 ± 
0.02 mm) and position as that of the set pipes on the dummy bar (Fig. 2 (b) and (c)).  The porosity was 29 % after 
elimination of the outer skin by lathe. 
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These results indicate that long porous aluminum alloy billets can be fabricated by the continuous casting with 
joining pipes and base metal melt. Because the length was determined by the maximum stroke of the dummy bar of 
the apparatus in this study, a larger facility with a longer stroke may enable us to fabricate longer billets. 
Furthermore, through pores can be given even if the billet is long. The billet diameter can be determined by the mold 
diameter. The diameter, volume fraction and position of pores were almost the same as the original ones, which can 
be arbitrary controlled by the initial setting position and geometry of pipes.  
Breakout of the solidifying porous aluminum alloy billet did not occur during continuous casting even at the 
transfer velocity of 155 mm/min. The fabrication speed is similar level to the typical speed of 30-90 mm/min of the 
commonly used direct-chill (DC) casting for commercial aluminum billets. Therefore, the fabrication method in this 
study has possibility to be adapted in existing direct-chill (DC) casting facilities in aluminum industries for mass 
production process. 
The microstructures near the interface between the pipes and base metal are shown in Fig. 3. No remarkable gap 
is observed between the pipe and the base metal. The microstructure is continuous from the pipe to the base metal. 
This result indicates the metallic bonding between the pipe and the base metal. The base metal exhibits primary a, 
eutectic phase in smaller size and small amount of primary Si. The content of Si analyzed with gravimetric analysis 
was 14.4 mass % closed to the eutectic point 13 mass%. The eutectic point of Al-Si alloy tends to shift to high Si 
concentration side by rapid cooling. Therefore, the primary α, which is typical in hypoeutectic Al-Si alloys, 
generated. 
The four compressive stress-strain curves (Fig. 4(a)) are overlapping with a high reproducibility at compressive 
strain e smaller than 8%. The yield strength σy ± Δσy of the fabricated porous aluminum was 51.4 ± 1.3 MPa. The 
relative error Δσy/σy was as small as 2.5%. The high responsibility is due to the uniformity of the fabricated billet. 
The relationship among σy, σy(Al) of pure aluminum pipe and σy(Al) of Al-Si base metal is discussed as follows. 
The cross-sectional area fraction β of the pure aluminum pipe is 0.33. 
β= AAl /(AAl + AAl-Si)  (3) 
 
The symbols AAl and AAl-Si represent the area of pipes and base metal, respectively. The yield strength σy(Al) of 46 
MPa and σy(Al-Si) of 96 MPa were obtained by the compression tests of non-porous pure Al and Al-Si billets. 
The yield strength σy, Cal of porous aluminum calculated by substitution of σy in σ of rule of mixture in Eq. 4 is 
54.3 MPa.  
σ, Cal=(β×σ(Al)+(1-β)×σ(Al-Si)) × (1-p/100)  (4) 
 
Fig. 3. (a) Cross section perpendicular to the pore longitudinal 
direction, and (b) microstructure of fabricated porous aluminum 
alloy. 
Fig. 4. Compressive stress-strain curves obtained by compressive tests porous 
aluminum and calculation using rule of mixture. Cracks occurred in the 
circled area. 
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The symbols σAl and σAl-Si represent the compressive stress at arbitrary strain of pipes and base metal, 
respectively. The experimental result σy agreed well with the calculated value of σy, Cal with difference of 
measurement error level. The rule of mixture is valid for the porous aluminum alloy in this study, because the pipes, 
base metal, and pores are aligned uniformly parallel to the loading direction. 
A calculated compressive stress-strain curve of the porous aluminum alloy was obtained by Eq. 4 with the 
compressive stress-strain curves of the non-porous samples of pure aluminum and Al-Si alloy (dotted line in Fig. 
4(a)). The compressive stress-strain curves obtained by the compression tests agreed well with this calculated curve 
up to the strain of 29 %. The compressive stresses of the experiments were lower than that of calculation at higher 
strain than 29%. The cross section of the sample (e= 29 %, Fig. 4(c)) showed buckling of cell walls, whereas 
significant buckling was not observed at lower compressive strain (e= 8%, Fig. 4(b)). The buckling decreased the 
stress in the high compressive strain region. 
Cracks occurred in the cell walls, where the local deformation by buckling was significant (e=53%, Fig. 4(d)). 
The joining between the pipes and base metal was so rigid that the pipes did not detach from the base metal even at 
high compressive strain. 
The energy absorption and the efficiency of energy absorption were 76 MJ m-3 and 74 %. The relative high 
efficiency of energy absorption was caused by the stress decrease by the buckling of the cell wall during 
deformation.  
4. CONCLUSIONS 
• Long porous aluminum alloy billets with aligned unidirectional through pores can be fabricated by joining 
pipes and melt through continuous casting at suitable speed for mass production.  
• The position, volume fraction and diameter of pores can be arbitrary controlled by the initial setting 
position and geometry of pipes.  
• The yield strength of porous aluminum alloys fabricated by this method can be predicted by rule of mixture, 
due to the regular alignment of pores, pipe and base metal. 
• The efficiency of energy absorption increases by buckling of cell walls at high strain.  
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